Abstract. In this article we doped Black phosphorus quantum dots (BPQD) in the light absorption layer of the hybrid perovskite solar cells (HPSCs), which enhanced the photon conversion efficiency (PCE) of the solar cell from about 11.8% to 12.4% and open voltage from 0.9V to 0.95V. After we do more detailed investigations by SEM and Photoluminescence (PL), we find that this enhancement is caused by BPQD introducing the growth of larger size grain of perovskite crystals and broaden band gap of Perovskite with BPQD and better carrier transport property of perovskite with BPQDs.
Introduction
For the past few years, MAPbI 3 as a paradigm of organic-inorganic hybrid perovskite photovoltaic materials have triggered a large scale research campaign for high conversion efficiency solar cells. [1] [2] [3] Perovskite have so many excellent properties such as long carrier diffusion length, carrier lifetime, high sunlight absorption and so on. [4, 5] So far, the certified best PCE of perovskite solar cell has suppressed 22% [6] . Although perovskite have so many excellent property, the PCE of perovskite solar cell is also close to its limitation. [7] To enhance PCE of solar cells, doping some new material into perovskite is a new way. [8] Recently, black phosphorus, as a new 2D material, have emerged as a class of materials that may impact future electronic technologies for its excellent properties. [9] Shenghuang Lin et al, use BPQD as the modification layer between perovskite and electronic transport layer(ETL), which enhanced the PCE from 7.37% to 8.18%. [10] As black phosphorus have so many outstanding properties and have been successfully applied in solar cell as modification layer. However, there is no work exploring the effect of Black Phosphorus doping in the perovskite layer. In this paper, we doped it in the perovskite layer and successfully improve the property of perovskite layer. After that we make some detail measurement, such as SEM and PL, to investigate the reason which cause this improvement.
Experimental Section
Planar hybrid perovskite solar cells (HPSCs): Structure of our solar cell is ITO/PEDOT:PSS/perovskite(with or without BPQDs)/PC 61 BM/Ag. First, the patterned ITO substrates were ultrasonic cleaned with toluene, acetone and isopropanol for 10 minutes, respectively. Then, PEDOT: PSS was deposited by spin coating (5000 r.p.m) on cleaned ITO substrates at room temperature, followed by 140 °C annealing for 10 minutes. The as-prepared perovskite precursor solution (PbI 2 and CH 3 NH 3 I with mole ratio of 1:1with concentration of ~ 1M in a mixture of DMF and DMSO (2:1 v/v)) was filtered using 0.45 µm PTFE syringe filter and coated onto the ITO/PEDOT: PSS substrates at a speed of 1000r.p.m for 10 s and 5000 r.p.m for 25s. During last 10 s of the spinning process, the film was treated by gently drop-casting chlorobenzene solvent(150 µl).The substrate was then annealed on a hot plate at 100 °C for 10 min, following by spin-coating layer of PC 61 BM (2 wt%, 1000 r.p.m) on top. Then, ZrAcac solution (1.0 mg/ml in methanol) was gently drop-casted (5000 r.p.m, 30 s) on top of PC 61 BM films. Finally, a 120-nm-thick Ag electrode was deposited through a shadow mask by thermal evaporation. Device area was calculated to be 10 mm 2 .
Results and Discussion
The Current Density-Voltage (J-V) characteristics of those HPSCs with and without BPQDs were plotted in Fig. 1 . Red and black curve represent device without BPQDs and device with BPQDs. In Fig. 1 , Jsc have no obvious change between these two devices, which is about 20.5mA/cm 2 ; Voc of the device with BPQD increased obviously from 0.91V to 0.95V compared to device without BPQDs. And PCE increased from 11.75% to 13.41%. This J-V curve indicate that It is obviously that open voltage is increased from about 0.9V to 0.95V and PCE from about 11.8% to 12.4%.
In Fig.3a and Fig.3b , we can find that the grain size of perovskite with BPQD is larger than that of perovskite without BPQD.BPQDs are believed to offer nucleation sites for perovskite, hence to reduce the nuclei density and finally to form larger grain size in the course. Larger grain size of perovskite indicates less crystal boundary of the device, which reduce the defect energy level in the band gap and the recombination of electrons and holes. As a result, there are more carriers on the conduct band and valence band, which increase the distance between electron quasi-Fermi level and hole quasi-Fermi level and induce a higher V oc . The result is consist with the V oc we measured. In Fig.4 , we plot Photoluminescence lifetime curve of device with BPQDs doping and without BPQDs doping to investigate the carrier property. BP1 represent the device with best performance in all the devices we make and BP2 represent the device with worst performance in all the devices we make. From the result, we can find that PL lifetime of all the two device is smaller than the reference result, which can be ascribed to better carrier transport property of device doped with BPQDs. 
Conclusion
In conclusion, we have successfully fabricated HPSCs with BPQDs doped in the perovskite layer. The PCE of the device with BPQDs doping is improved from about 11.8% to 12.4%. After detailed measurement with SEM and PL, it is believed that the improvement is from the band gap increase doped and better carrier transport property of perovskite with BPQDs.
